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E-mail addresses: sangholee@skku.edu (S. Lee), ygkProgrammed -1 ribosomal frameshifting (-1RF) is usually regulated by a slippery sequence and an
RNA secondary structure but can be affected by the slippery sequence combined with translational
perturbation. Dramatic increases of -1RF efﬁciencies arise from the slippery sequences in [PSI+], an
epigenetic modiﬁer of translation termination ﬁdelity. Curing of [PSI+] abolished such increases of -
1RF efﬁciency. Enhanced -1RF frequency at the slippery sequences could be another physiological
effect induced directly or indirectly by the perturbation of the translation process in [PSI+] cells.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Programmed alternative reading refers to elaborate mecha-
nisms to bypass normal translational process by prepositioned sig-
nals [1]. Programmed -1 ribosomal frameshifting (-1RF) is one of
well-known mechanisms in the programmed alternative reading,
which generates -1 frameshift of tRNAs inside the ribosome during
the translation at a speciﬁc site on mRNA with a certain frequency
[2,3]. The -1RF usually results in producing two heterogeneous
proteins with different carboxyl termini. Many viruses, bacteria,
yeast and even higher organisms use -1RF to produce two proteins
from a single mRNA molecule with the predetermined ratio of two
protein products.
Two cis-acting RNA elements are involved in the -1RF. One of
them is the slippery sequence that is composed of heptanucleo-
tides XXXYYYN, either X or Y represents the same bases and N is
any base [2,4]. The other cis-element is an RNA secondary struc-
ture, often RNA pseudoknots, usually located 4–8 nucleotides
downstream of the slippery sequence [2]. Although both cis-acting
elements are required for efﬁcient -1RF events, some slippery se-
quences such as UUUUUUA and UUUUUUU in the absence of
RNA secondary structure can stimulate -1RF with a noticeable level
of frequency [5,6].chemical Societies. Published by E
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immit@skku.edu (Y.G. Kim).Another mechanism in the programmed alternative reading is
programmed read-through. Enhanced stop-codon read-through is
a major cause of [PSI+]-induced phenotypes in yeast [7,8]. [PSI+]
is a yeast prion-like phenotype, featuring heritable traits by an epi-
genetic mechanism [9]. [PSI+] is caused by aggregation of Sup35/
eRF3 [10]. Sup35 is a modular protein consisting of prion-deter-
mining domain at the amino terminus followed by middle domain
and translation termination domain at the carboxyl terminus. Nor-
mal function of Sup35 is to terminate translation by promoting re-
lease of ribosome at stop-codons. The prion-determining domain is
responsible for the [PSI+] phenotype by promoting amyloid forma-
tion of Sup35 [7,8].
Several lines of evidence strongly suggest the relationship be-
tween frameshifting and [PSI+]. The prion-like [PSI+] phenotype
not only affects the normal process of translation by frequent
read-through of stop-codons [11], but also changes the course of
yeast cell’s response to environmental stresses [12]. A partially
inactive form of Sup35 has been reported to decrease Ty1 retro-
transposon-mediated frameshifting [13]. Lately, a well-designed
study elucidates that [PSI+] regulates intracellular polyamine levels
by promoting +1 frameshifting of Oaz1, an antizyme involved in
polyamine biosynthetic pathway [14]. Thus, it is possible that per-
turbations of the translational process in the [PSI+] cells may have
similar impacts on -1RF at slippery sequences.
To explore possible roles of the translational perturbation by
[PSI+] in the -1RF, we monitored the -1RF efﬁciency in [PSI+]
cells using a dual-luciferase assay system. The -1RF efﬁciency in
[PSI+] cells was signiﬁcantly increased independently of an RNAlsevier B.V. All rights reserved.
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curing [PSI+]. These results demonstrate for the ﬁrst time that
the -1RF efﬁciency is enhanced by yeast prion [PSI+].
2. Materials and methods
2.1. Yeast strains and plasmids
[psi-] and [PSI+] derivatives of 74D-694a (MATa, ade1-14, trp1-
289, his3-D 200, ura3-52, leu2-3,112) [15] were used throughout
all experiments. The centromeric plasmid, pUG23 (CEN6/ARSH4,
HIS3) [16], was used as a template vector for the construction of
the dual-luciferase assay reporter vectors.
2.2. Vector construction
To construct the dual-luciferase reporter vector, the NheI/PmlI
fragments containing two luciferase genes, Renilla luciferase (Rluc)
and ﬁreﬂy luciferase (ﬂuc) genes, connected by different slippery
sequences were digested from p2luc-based vectors [17]. The frag-
ments were then ligated into SpeI/EcoRV digested pUG23 vector to
create pY2luc-series vectors (Fig. 1A). To construct the survival re-
porter vectors denoted as pYUK, Ura3 gene and KanR gene (encod-
ing aminoglycoside phosphotransferase) were PCR-ampliﬁed and
ligated to pY2luc vector to replace Rluc and ﬂuc genes, respec-
tively. Vectors containing various slippery sequences are named
in accordance with an inserted slippery sequence; for example,
pY2luc-AAC represents the insertion of the AAAAAAC (AAC,
Fig. 1B) slippery sequence into the pY2luc vector.
2.3. Yeast dual-luiciferase assay
Yeast cells harboring pY2luc derivatives were grown in the
minimal media lacking histidine up to 0.7 of OD595. Cells wererluc
fluc
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Fig. 1. Dual-luciferase reporter assay system. (A) The yeast expression vector pY2luc h
luciferase (Rluc) and ﬁreﬂy luciferase (ﬂuc). The resulting fusion protein Rluc-ﬂuc is on
determined by measuring the enzymatic activities of two luciferases. (B) The slippery seq
frameshifting, were inserted between the two luciferase genes using BamHI and XhoI siharvested by centrifugation and washed once with 1 ml of ice cold
lysis buffer (1 X PBS pH 7.4, 1 mM PMSF) and then resuspended in
0.3 ml of the same buffer. Cell suspensions were lysed with glass
beads, and yeast cells were agitated continuously in a vortex mixer
at 4 C for 30–60 s. Lysates were centrifuged by 12000 rpm at 4 C
for 10 min and then clariﬁed supernatants were collected. Protein
concentrations were determined by the Bradford method (BioRad).
Luciferase activities were determined by the dual-luciferase assay
(Promega).
2.4. Curing of [PSI+]
Curing of [PSI+] cells by guanidine hydrochloride (GuHCl) treat-
ment was carried out as previously described with slight modiﬁca-
tions [18]. Brieﬂy, [PSI+] cells were grown in YPD medium to 0.8–
1.0 of OD595. Cells were transferred to fresh YPD media containing
3 mM GuHCl, diluted to 0.1–0.2 of OD595 and grown to 0.8–1.0 of
OD595. The above transfer process was repeated twice. Cell cultures
diluted to 100–500 colonies per plate were then plated onto YPD
plates. Cured yeast cells judged by color were selected and
streaked to isolate single colonies in red.
3. Results
3.1. Experimental design
A slippery sequence promotes -1RF usually at a very low level
by itself and efﬁciently in combination with an RNA secondary
structure. However, some slippery sequences are capable of pro-
ducing signiﬁcant levels of -1RF. Notably, UUUUUUA (denoted to
UUA, Fig. 1B) found in human immunodeﬁciency virus stimulates
-1RF efﬁciently even without an RNA secondary structure [6] and
UUUUUUU (UUU, Fig. 1B) is known to be a promiscuous slippery
sequence to generate signiﬁcant levels of -1RF as well as +1 ribo-rluc fluc
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Fig. 2. Comparison of -1RF efﬁciencies produced from [psi] and [PSI+] yeast cells.
The -1RF efﬁciencies produced by various slippery sequences were determined and
compared between two phenotypic yeast strains, [psi] and [PSI+], respectively.
The numbers above the bars represent the fold-increase of the -1RF efﬁciency in
[PSI+] cells compared to [psi-] cells.
Table 1
1 Ribosomal frameshifting efﬁciencies in different yeast prion phenotypic traits.
Slippery
sequence
[psi] (%) [PSI+] (%) Cured [psi] (%) Fold
increase
AAC 0.137 ± 0.021 0.445 ± 0.087 0.129 ± 0.024 3.24
GAC 0.043 ± 0.005 0.164 ± 0.023 3.81
UAC 0.045 ± 0.012 0.183 ± 0.044 4.07
UUA 0.187 ± 0.070 0.809 ± 0.249 0.174 ± 0.041 4.33
UUU 0.101 ± 0.020 0.628 ± 0.152 0.137 ± 0.056 6.22
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Fig. 3. (A) The wild type (a), i.e., [psi], and the [PSI+] variant (b) of strain 74D-694 were
YPD plate while [PSI+] cells were white (c). Cured [PSI+] cells were picked, cultured and p
slippery sequences, AAC, UUA and UUU, were transfected into the cured [PSI+].
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sequences can produce -1RF translation products other than nor-
mal translation products.
To examine the effect of [PSI+] on the -1RF efﬁciency in vivo, we
employed a dual-luciferase reporter system [17,19] (Fig. 1A). The
-1RF allows expression of ﬁreﬂy luciferase (ﬂuc) as a form of the
C-terminal fusion to Renilla luciferase (Rluc). The -1RF efﬁciency
can be measured by comparing the activity ratios of two luciferases
[19]. We inserted each different slippery sequence between two
luciferases and monitored the changes in the activity ratios as
the -1RF occurred. We examined ﬁve slippery sequences that are
denoted as AAC, GAC, UAC, UUA and UUU (Fig. 1B): four slippery
sequences – AAC, GAC, UAC and UUA – are found in various pro-
grammed -1RF systems in nature and, however, UUU is a super-
slippery sequence.
3.2. Increased -1 ribosomal frameshifting efﬁciency by [PSI+]
Efﬁciencies of -1RF at ﬁve slippery sequences were measured in
two different yeast phenotypic traits [psi] and [PSI+] using the
dual-luciferase assay (Fig. 2 and Table 1). In all the ﬁve slippery se-
quences tested, striking increases (at least 3-fold or higher) in the
1RF efﬁciency were observed in [PSI+] cells in comparison to [
psi] cells. Among the ﬁve slippery sequences, UUU exhibited
the largest increase in the -1RF efﬁciency, followed by UUA. The
high frameshifting efﬁciency by UUU slippery sequence is consis-
tent with the previous report that UUU is a promiscuous sequence
causing both signiﬁcant 1 and +1 frameshiftings [20].
There is no known sequence motif for an RNA secondary struc-
ture such as a pseudoknot within the inserted sequences of repor-
ter vectors (Fig. 1B). Our results suggest that the slippery sequence
by itself can promote -1RF frequency signiﬁcantly in [PSI+] cellsd
Cured [PSI+]GuHCl treatment
A UUU
equence
used. GuHCl was added to cure [PSI+]. Cured [PSI+] cells formed red colonies on an
lated on an YPD plate (d). (B) Restoring of -1RF level in the cured [PSI+] cells. Three
668 H.J. Park et al. / FEBS Letters 583 (2009) 665–669and that many genes containing slippery sequence-motifs may
experience -1RF events more frequently during the translation in
[PSI+] cells.
3.3. Cured [PSI+] cells repress the -1 ribosomal frameshifting efﬁciency
Yeast prion-like phenotype [PSI+] cells can be readily reversed
to [psi] phenotype by GuHCl treatment [18] (Fig. 3A). GuHCl pro-
motes disaggregation of Sup35, thereby restoring the translation
termination activity of Sup35. [PSI+] cells treated with GuHCl were
plated in YPD media (Fig. 3A, plate c). Judged by color, cured colo-
nies with characteristic [psi] phenotype showing red color were
selected (Fig. 3A, plate d) and used for transformation with the
dual-luciferase reporter vectors.
To conﬁrm that [PSI+] is responsible for the increased -1RF efﬁ-
ciency stimulated by the slippery sequence, we repeated the dual-
luciferase assay in the cured [PSI+] cells and compared the results
with those in both [psi] and [PSI+] cells (Fig. 3B and Table 1). As
expected, the -1RF efﬁciencies in the cured [PSI+] cells were com-
parable with those in [psi] cells in all three slippery sequences
tested. This result conﬁrmed that the level of the -1RF efﬁciency
depends on prion-like phenotype of the yeast cells.4. Discussion
We have demonstrated that yeast prion-like phenotype [PSI+]
increases the -1RF efﬁciency in the absence of a cis-acting element
such as an RNA secondary structure. In general, decreased transla-
tional termination efﬁciency leads to [PSI+] phenotype. However,
the increase in the -1RF by [PSI+] in our study is unlikely to be
caused by the decreased translational termination efﬁciency be-
cause all the slippery sequences tested in this study contained
the identical in-frame stop-codon (Table 1). Also it has been shown
that the levels of frameshifting are sensitive to nucleotide changes
in three codons upstream of the stop-codon [21]. Considering that
our experimental design employed the dual-luciferase system with
various slippery sequences followed by the ﬁxed stop-codon, it is
unlikely that [PSI+]-induced frameshifting occurs at the stop-co-
don. Rather it is conceivable that the increased -1RF by [PSI+] is
attributed to a general effect of [PSI+] on decoding accuracy.
Recently Namy et al. [14] demonstrated that +1 frameshifting in
antizyme gene is greatly increased in the [PSI+] cells [14]. They
suggested that the expression of [PSI+]-induced genes may disturb
the maintenance of reading frames by ribosome. Therefore, it is
reasonable to think that [PSI+] may affect -1RF efﬁciency as well.
Here we demonstrated that the efﬁciency of -1RF stimulated by
only one of two cis-acting elements, the slippery sequence, was in-
creased by [PSI+]. It would be interesting to investigate [PSI+]-in-
duced changes in the -1RF efﬁciency in the presence of both cis-
acting elements. In addition, modulation of -1RF efﬁciency may af-
fect greatly survival of viruses that use -1RF; for example, changes
of gag/gag-pol ratio determined by -1RF efﬁciency disrupt yeast
M1 double-stranded RNA virus propagation [22].
Given that [PSI+] alters yeast cell’s response to environmental
stress, it would be interesting to see if the increased -1RF in
[PSI+] cells affects the cells’ response to environmental stress.
Our preliminary data suggest that the increased -1RF in [PSI+] cells
may exacerbate the intrinsic sensitivity of [PSI+] to G418, an ami-
noglycoside antibiotic against eukaryotes (unpublished data). Such
results may suggest the effect of the increased -1RF in [PSI+] cells
in response to environmental stress. However, the intrinsic sensi-
tivity of [PSI+] cells to G418 may have been caused by the miscod-
ing-inducing property of aminoglycoside antibiotics such as
streptomycin and paromomycin [23,24]. If this is the case, the
interpretation of the data would be complicated. It would be inter-esting to investigate if such sensitivity of [PSI+] cells to G418 can be
extended to any antibiotic in general.
The programmed -1RF has been regarded as a special case found
in a limited number of instances. However, our study implies that -
1RF may be more general phenomenon affecting various aspects of
cell biology than before. Computational analysis reveals that a sub-
stantial number of genes in yeast genome possess potential slip-
pery sequence-motifs; for example, UUA motif in 1 frame (i.e.,
U UUU UUA frame) can be found in 155 ORFs, accounting for
2.6% out of 5883 ORFs searched from yeast (data not shown). Such
number of genes in yeast with potential of -1RF suggests that the
prevalence of -1RF may have been underestimated. Further inves-
tigations may open up unexplored areas of biology regulated by
-1RF.
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